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C l e v e l a n d  
A BS TRACT 
The p a p e r  p r e s e n t s  lumped e q u i v a l e n t  c i r -  
c u i t  mode ls  for  s e v e r a l  c o p l a n a r  wavegu ide  d i s -  
c o n t i n u i t i e s  such as an open c i r c u i t ,  a s e r i e s  
gap ,  and a symmet r i c  s t e p ,  and t h e i r  e l e m e n t  
v a l u e s  as a f u n c t i o n  of t h e  d i s c o n t i n u i t y  phys -  
i c a l  d i m e n s i o n s .  The model e l e m e n t  v a l u e s  a r e  
m de-embedded from measured S-pa ramete rs .  The 
f r e q u e n c y  dependence o f  t h e  e f f e c t i v e  d i e l e c -  
tric c o n s t a n t  was measured and compared to  com- 
p u t e d  v a l u e s .  
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INTRODUCTION 
A c o p l a n a r  waveguide (CPW) o n  a d i e l e c t r i c  
s u b s t r a t e  ( 1 )  c o n s i s t s  o f  a c e n t e r  s t r i p  c o n d u c t o r  
w i t h  s e m i - i n f i n i t e  g round  p l a n e s  o n  e i t h e r  s i d e s  
( F i g .  I ) .  C o p l a n a r  wavegu ide  o f f e r s  s e v e r a l  advan- 
t a g e s  o v e r  c o n v e n t i o n a l  m i c r o s t r i p  l i n e :  i t  f a c i l -  
i t a t e s  easy  s h u n t  as w e l l  as s e r i e s  m o u n t i n g  of 
a c t i v e  and p a s s i v e  d e v i c e s ,  i t  e l i m i n a t e s  t h e  need 
for  wrap -a round  and v i a - h o l e s ,  and i t  has a low 
r a d i a t i o n  l o s s .  These, as w e l l  as s e v e r a l  o t h e r  
a d v a n t a g e s ,  make CPW i d e a l l y  s u i t e d  fo r  m ic rowave  
i n t e g r a t e d  c i r c u i t  a p p l i c a t i o n s  ( 2 . 3 ) .  However ,  
v e r y  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  i n  t h e  l i t e r a -  
t u r e  o n  d i s c o n t i n u i t y  mode ls  for CPW ( 4 . 5 ) .  T h i s  
l a c k  o f  s u f f i c i e n t  d i s c o n t i n u i t y  mode ls  f o r  CPW 
has l i m i t e d  t h e  e x t e n t  of a p p l i c a t i o n s  f o r  CPW i n  
m ic rowave  c i r c u i t  d e s i g n .  
T h i s  p a p e r  p r e s e n t s  for  t h e  v e r y  f i r s t  t i m e  
lumped e l e m e n t  e q u i v a l e n t  c i r c u i t  mode ls  fo r  v a r i -  
ous d i s c o n t i n u i t i e s ,  t o g e t h e r  w i t h  t h e i r  e l e m e n t  
v a l u e s  as a f u n c t i o n  of t h e  d i s c o n t i n u i t y  p h y s i c a l  
d i m e n s i o n s .  These e l e m e n t  v a l u e s  a r e  de-embedded 
from measured s c a t t e r i n g  p a r a m e t e r s  o f  t h e  d i s c o n -  
t i n u i t i e s .  The d i s c o n t i n u i t i e s  c h a r a c t e r i z e d  i n  
t h i s  p a p e r  a r e  a s e r i e s  gap i n  t h e  c e n t e r  conduc-  
to r ,  a s y m m e t r i c  s t e p  i n  t h e  c e n t e r  c o n d u c t o r ,  and 
an open c i r c u i t  fo r  two d i f f e r e n t  c e n t e r  c o n d u c t o r  
w i d t h s .  
The c h a r a c t e r i s t i c  impedance f o r  b o t h  geome- 
t r i e s  was 50 R .  The f r e q u e n c y  dependence o f  t h e  
e f f e c t i v e  d i e l e c t r i c  c o n s t a n t ,  c ( e f f ) ,  was a l s o  
measured and i s  compared to  computed v a l u e s  from 
t h e  l i t e r a t u r e .  
O h i o  44135 
DE-EMBEDDING DISCONTINUITY SCATTERING P A R A M E T E R S  
P r e c i s i o n  CPW c a l i b r a t i o n  s t a n d a r d s  such as 
open c i r c u i t s ,  s h o r t  c i r c u i t s ,  and 50 R matched 
l o a d s  for  c a l i b r a t i n g  an a u t o m a t i c  n e t w o r k  a n a l y z e r  
( A N A )  a r e  c u r r e n t l y  n o t  a v a i l a b l e .  C o n s e q u e n t l y ,  a 
t w o - t i e r  de-embedding t e c h n i q u e  w h i c h  has been used 
s u c c e s s f u l l y  to  c h a r a c t e r i z e  a c t i v e  d e v i c e s  such a s  
GaAs MESFET's ( 6 , 7 )  was used to  c h a r a c t e r i z e  t h e  
CPW d i s c o n t i n u i t i e s .  The t w o - t i e r  de-embedding 
t e c h n i q u e  c o n s i s t s  o f  c a l i b r a t i n g  t h e  A N A  u s i n g  
p r e c i s i o n  c o a x i a l  s t a n d a r d s  and t h e n  u s i n g  t h e  c a l -  
i b r a t e d  ANA t o  c h a r a c t e r i z e  t h e  t e s t  f i x t u r e .  A 
CPW c i r c u i t  whose c h a r a c t e r i s t i c s  a r e  known i s  
p l a c e d  i n  t h e  t e s t  f i x t u r e  d u r i n g  t h e  f i x t u r e  c h a r -  
a c t e r i z a t i o n .  The CPW c i r c u i t  c o n s i s t s  o f  a u n i -  
form s e c t i o n  of a 50 R CPW l i n e  t e r m i n a t e d  a t  b o t h  
ends by  a l i n e a r l y  t a p e r e d  CPW l i n e  w h i c h  p r o v i d e s  
impedance m a t c h i n g  to a p a i r  o f  c o a x i a l  c o n n e c t o r s .  
Thus,  t h e  CPW l i n e a r  t a p e r s  and t h e  c o a x i a l  connec-  
tors form a p a r t  o f  t h e  t e s t  f i x t u r e  and a r e  c h a r -  
a c t e r i z e d  i n i t i a l l y .  The c h a r a c t e r i z a t i o n  i s  done 
b y  m e a s u r i n g  t h e  f o u r  s -pa ramete rs  o n  an HP8510 A N A .  
The t e s t  f i x t u r e  w i t h  a CPW c i r c u i t  o n  0 .125 i n .  
RT-5880 D u r o i d  i s  shown i n  F i g .  2 .  
A m i x e d  l u m p e d - d i s t r i b u t e d  e q u i v a l e n t  c i r c u i t  
t o p o l o g y  t o  model  t h e  f i x t u r e  was d e v e l o p e d  b y  t a k -  
i n g  i n t o  c o n s i d e r a t i o n  t h e  p h y s i c a l  n a t u r e  o f  t h e  
t e s t  f i x t u r e  and t h e  CPW c i r c u i t .  The c o a x i a l  con-  
n e c t o r s  w e r e  r e p r e s e n t e d  by a s e c t i o n  of a l o s s y  
t r a n s m i s s i o n  l i n e  c o n s i s t i n g  o f  lumped e l e m e n t s  i n  
s e r i e s  w i t h  a s m a l l  s e c t i o n  o f  a c o a x i a l  l i n e .  The 
t a p e r e d  CPW s e c t i o n  was mode led  as a m u l t i p l e  sec-  
t i o n  s t e p p e d  impedance t r a n s f o r m e r .  EEsof Touch- 
s t o n e ' s  ( 8 )  model o f  CPW as a l o s s l e s s  t r a n s m i s s i o n  
l i n e  whose p r o p a g a t i o n  c h a r a c t e r i s t i c s  a r e  d e s c r i b e d  
b y  Gh ione  and N a l d i  ( 9 )  was used  t h r o u g h o u t  t h e  
m o d e l i n g  e x p e r i m e n t .  
t h e n  o p t i m i z e d  t o  match  t h e  measured S p a r a m e t e r s  
u s i n g  t h e  EEsof  Touchs tone  c i r c u i t  a n a l y s i s  and 
o p t i m i z a t i o n  p r o g r a m s .  The c i r c u i t  model i s  shown 
i n  F i g .  3 .  F i g u r e  4 shows t h e  measured and mode led  
S11 and 521 c h a r a c t e r i s t i c s  for  t h e  t e s t  f i x t u r e  
and t h r u  l i n e .  T h i s  model was t h e n  used  t o  de-embed 
t h e  d i s c o n t i n u i t y  c h a r a c t e r i s t i c s  from t h e  f i x t u r e  
c h a r a c t e r i s t i c s .  The measured r e t u r n  loss w i t h  t h e  
50 R CPW c i r c u i t  i n  p l a c e  i s  b e t t e r  t h a n  16 db o v e r  
t h e  f r e q u e n c y  r a n g e  0 . 0 4 5  t o  18 GHz. However ,  for 
The e l e m e n t s  o f  t h e  e q u i v a l e n t  c i r c u i t  were 
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t h e  p u r p o s e  o f  de-embedding t h e  d i s c o n t i n u i t y  e q u i v -  
a l e n t  c i r c u i t  p a r a m e t e r s ,  a 1 GHz band c e n t e r e d  a t  
6 GHz was chosen .  
EFFECTIVE DIELECTRIC CONSTANT 
The c ( e f f )  i s  d e t e r m i n e d  from t h e  p h y s i c a l  
l e n g t h  o f  a p a i r  o f  s e r i e s - g a p  c o u p l e d  s t r a i g h t  
r e s o n a t o r s  w h i c h  a r e  t e r m i n a t e d  i n  a s h o r t  c i r c u i t  
and t h e  measured r e s o n a n t  f r e q u e n c i e s  as d e s c r i b e d  
i n  ( 1 0 ) .  F i g u r e s  5 ( a )  and ( b )  show c ( e f f )  f o r  
50 R CPW w i t h  two d i f f e r e n t  s t r i p  w i d t h s  o v e r  t h e  
f r e q u e n c y  r a n g e  o f  3 to  18 GHz. 
F i g s .  5 ( a )  and ( b )  i s  c t e f f )  computed u s i n g  t h e  
e x p r e s s i o n s  i n  ( l ) ,  ( 9 ) .  and ( 1 1 ) .  Good ag reemen t  
i s  o b s e r v e d  between t h e  measured and  computed 
r e s u l t s  above 6 GHz. The c ( e f f )  does n o t  appear  
to  be a s t r o n g  f u n c t i o n  o f  t h e  c e n t e r  s t r i p  w i d t h  
f o r  CPW l i n e s  o f  t h e  same impedance.  
Also shown i n  
CPW OPEN CIRCUIT 
A CPW open c i r c u i t  i s  f o r m e d  b y  e n d i n g  t h e  
c e n t e r  s t r i p  a s n o r t  d i s t a n c e  b e f o r e  t h e  s l o t  e n d s ,  
t h e r e b y  c r e a t i n g  a g a p ,  g l ,  as shown i n  F i g .  6 .  An 
e l e c t r i c  f i e l d  e x i s t s  a t  t h e  open c i r c u i t  between 
t h e  t e r m i n a t e d  c e n t e r  s t r i p  and t h e  s u r r o u n d i n g  
g r o u n d  c o n d u c t o r  and hence g i v e s  r i s e  t o  a c a p a c i -  
t i v e  r e a c t a n c e .  T h i s  r e a c t a n c e  i s  seen a t  a p l a n e  
c o i n c i d e n t  w i t h  the open end o f  t h e  c e n t e r  s t r i p .  
Thus t h e  a p p a r e n t  p o s i t i o n  o f  t h e  open c i r c u i t  i s  
beyond t h e  p h y s i c a l  end o f  t h e  c e n t e r  s t r i p .  The 
open c i r c u i t  c a p a c i t a n c e ,  COC, i s  a p a r a l l e l  combi-  
n a t i o n  o f  t h e  c a p a c i t a n c e  due t o  t h e  f r i n g i n g  f i e l d s  
a c r o s s  t h e  gap ,  g l ,  and t h o s e  a c r o s s  t h e  s lo t ,  W .  
The gap dependen t  c a p a c i t a n c e  v a r i e s  p r o p o r t i o n a l l y  
as l / g l .  The s lot  dependen t  c a p a c i t a n c e  i s  c o n s t a n t .  
F i g u r e  7 p r e s e n t s  t h e  de-embedded open c i r c u i t  capac-  
i t a n c e ,  COC, as o b t a i n e d  from t h e  measured S- 
p a r a m e t e r s .  
SERIES GAP I N  THE CENTER CONDUCTOR 
A s e r i e s  gap o f  l e n g t h  g i n  t h e  c e n t e r  con-  
d u c t o r  o f  a CPW i s  shown i n  F i g .  6 .  The gap i s  
mode led  as a lumped P i - n e t w o r k  c o n s i s t i n g  o f  a cou-  
p l i n g  c a p a c i t a n c e ,  C 2 ,  and two f r i n g i n g  c a p a c i -  
t a n c e s ,  C1. Ana logous  to  t h e  open c i r c u i t ,  t h e  
c a p a c i t a n c e  a c r o s s  t h e  gap ,  C2, d e c r e a s e s  p r o p o r -  
t i o n a l l y  as l / g .  The f r i n g i n g  c a p a c i t a n c e ,  C1, 
i n c r e a s e s  from t h e  CPW l i n e  c a p a c i t a n c e  for g = 0 
t o  t h e  open c i r c u i t  s a t u r a t i o n  c a p a c i t a n c e  fo r  
l a r g e  9 .  F i g u r e  8 shows t h e  de-embedded c a p a c i -  
t a n c e s  o b t a i n e d  from t h e  measured S-pa ramete rs  as 
a f u n c t i o n  o f  t h e  gap w i d t h  g .  
STEP CHANGE I N  T H E  WIDTH OF CENTER CONDUCTOR 
A s t e p  change i n  w i d t h  o f  t h e  c e n t e r  c o n d u c t o r  
o f  CPW i s  shown i n  F i g .  6 .  The s t e p  d i s c o n t i n u i t y  
p e r t u r b s  t h e  no rma l  CPW e l e c t r i c  and m a g n e t i c  f i e l d s  
w h i c h  g i v e  r i s e  t o  a d d i t i o n a l  r e a c t a n c e s .  These 
a d d i t i o n a l  r e a c t a n c e s  a r e  assumed t o  be lumped and  
l o c a t e d  i n  t h e  p l a n e  o f  t h e  s t e p  d i s c o n t i n u i t y .  
The m o d e l i n g  e x p e r i m e n t s  show t h a t  t h e  r e a c t a n c e s  
can  be mode led  as  a s h u n t  c a p a c i t a n c e  C s .  The 
i n f l u e n c e  o f  t h i s  c a p a c i t a n c e  i s  to  e f f e c t i v e l y  
l e n g t h e n  t h e  l o w e r  impedance CPW l i n e  t o w a r d s  t h e  
h i g h e r  impedance CPW l i n e .  F i g u r e  9 shows C s  as 
a f u n c t i o n  o f  t h e  n o r m a l i z e d  s t e p  w i d t h .  
n o r m a l i z e d  s t e p  change,  5 1 \ 5 2 ,  i n c r e a s e s ,  C s  
app roaches  t h e  open c i r c u i t  s a t u r a t i o n  c a p a c i t a n c e .  
DISCUSSIONS 
As t h e  
A l t h o u g h  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  p a p e r  
appear  t o  be s e l f  c o n s i s t e n t ,  a m e n t i o n  o f  t h e  
a c c u r a c y  of t h e  d a t a  i s  r e q u i r e d .  The two p o r t  
c i r c u i t  e l e m e n t  mode ls  a r e  more a c c u r a t e  t h a n  t h e  
one p o r t  c i r c u i t  e l e m e n t  mode ls .  T h i s  i s  because 
t h e  two p o r t  mode ls  a r e  based on a l l  f o u r  S- 
p a r a m e t e r s  v e r s u s  a s i n g l e  S-parameter  fo r  t h e  one 
p o r t  m o d e l s .  F u r t h e r m o r e ,  t h e  open c i r c u i t  model 
i s  a f u n c t i o n  of t h e  phase of S 1 1  o n l y .  
t h e  open c i r c u i t  de-embedded c a p a c i t a n c e  i s  s e n s i  
t i v e  to  phase e r r o r s .  To m i n i m i z e  t h e  phase e r r o r s ,  
s e v e r a l  p r e c a u t i o n s  were t a k e n .  A l l  measurements 
were made i n  t h e  f r e q u e n c y  range  a t  wh ich  t h e  meas- 
u r e d  p r o p a g a t i o n  c o n s t a n t  was c l o s e  t o  t h a t  used  
by  T o u c h s t o n e .  I n  a d d i t i o n ,  t h e  l i n e  l e n g t h  from 
t h e  open c i r c u i t  t o  t h e  t r a n s i t i o n  was k e p t  s h o r t  
t o  m i n i m i z e  t h e  d i f f e r e n c e  i n  e l e c t r i c a l  l e n g t h  
between t h e  measured and t h a t  used by  T o u c h s t o n e .  
To t a k e  i n t o  a c c o u n t  t h e  e r r o r s  i n t r i n s i c  i n  
T h e r e f o r e ,  
p r i n t e d  c i r c u i t  b o a r d  f a b r i c a t i o n ,  a l l  l i n e  l e n g t h s  
were measured t o  a t e n t h  o f  a m i l .  Even w i t h  t h e s e  
p r e c a u t i o n s ,  t h e  e r r o r  i s  b e l i e v e d  t o  be 5 p e r c e n t  
fo r  t h e  open c i r c u i t  d a t a .  F u r t h e r  t e s t i n g  o f  a 
l a r g e r  sample o f  c i r c u i t s  s h o u l d  y i e l d  more com- 
p l e t e  and a c c u r a t e  r e s u l t s .  
CONCLUSIONS 
The p a p e r  p r e s e n t s  for t h e  v e r y  f i r s t  t i m e  
lumped e q u i v a l e n t  c i r c u i t  mode ls  for  t h e  f o l l o w i n g  
CPW d i s c o n t i n u i t i e s :  an open c i r c u i t ,  a s e r i e s  gap 
i n  t h e  c e n t e r  c o n d u c t o r  and.  a symmet r i c  s t e p  i n  
t h e  c e n t e r  c o n d u c t o r .  The model e l e m e n t  v a l u e s  a r e  
de-embedded from t h e  measured S-pa ramete rs  and p r e -  
s e n t e d  as a f u n c t i o n  o f  t h e  d i s c o n t i n u i t y  p h y s i c a l  
d i m e n s i o n s .  The measured f r e q u e n c y  dependence o f  
c ( e f f )  i s  a l s o  compared t o  computed v a l u e s  and 
f o u n d  to  be i n  good ag reemen t  above 6 GHz. 
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FIGURE 1. - CROSS-SECTION OF THE COPLANAR WAVEGUIDE IN THE 
TEST FIXTURE. 
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FIGURE 2. - TRANSITION BETWEEN A 50-OHM CPW AND COAXIAL CONNECTORS USING A LINEAR TAPER 
TRANSFORMER. 
lRATlON PI ANF- 
'i * I 
p 1  p p 2  I 
ANA CALlL _ _  - -DE-EMBEDDING 
PLANES ,-ANA CALIBRATION PLANE 
FIGURE 3. - A LUMPED ELEMENT EQUIVALENT CIRCUIT MODEL OF THE TRANSITION BETWEEN THE 50-OHM CPW AND COAXIAL CONNECTOR. 
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FIGURE 4. - MEASURED (MEASCPW) AND MODELED (MODCPW) 
S-PARAMETERS OF THE TRANSITION BETWEEN CPW AND 
COAXIAL CONNECTOR. 
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